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The emerging fungal pathogens Candida haemulonii and Candida pseudohaemulonii often show high-level resistance to am-
photericin B (AMB). We compared the utilities of five antifungal susceptibility testing methods, i.e., the Etest using Mueller-Hin-
ton agar supplemented with glucose and methylene blue (Etest-MH), the Etest using RPMI agar supplemented with glucose
(Etest-RPG), the Vitek-2 yeast susceptibility system, and the Clinical and Laboratory Standards Institute (CLSI) and European
Committee on Antimicrobial Susceptibility Testing (EUCAST) broth microdilution methods, for the detection of AMB-resistant
isolates of C. haemulonii and closely related species. Thirty-eight clinical isolates (8 C. haemulonii, 10 C. pseudohaemulonii, and
20 Candida auris isolates) were analyzed. Of the 18 C. haemulonii and C. pseudohaemulonii isolates, 18, 15, 18, 10, and 9 exhib-
ited AMB MICs of >1 �g/ml by the Etest-MH, Etest-RPG, Vitek-2, CLSI, and EUCAST methods, respectively. All 20 C. auris iso-
lates showed AMB MICs of <1 �g/ml by all five methods. Of the methods, the Etest-MH generated the broadest distribution of
AMB MICs for all 38 isolates and showed the best discrimination between the C. haemulonii and C. pseudohaemulonii isolates
(4 to 32 �g/ml) and those of C. auris (0.125 to 0.5 �g/ml). Taking the Etest-MH as the reference method, the essential agree-
ments (within two dilutions) for the Etest-RPG, Vitek-2, CLSI, and EUCAST methods were 84, 92, 55, and 55%, respectively; the
categorical agreements were 92, 92, 79, and 76%, respectively. This study provides the first data on the efficacy of the Etest-MH
and its excellent agreement with Vitek-2 for discriminating AMB-resistant from AMB-susceptible isolates of these Candida
species.

Although it has been used for many years, few clinical Candida
isolates have been reported to be resistant to amphotericin B

(AMB). However, we recently described the emergence of Can-
dida haemulonii and closely related species at several hospitals in
Korea (8, 12). Although sequencing confirmed that the isolates
were C. haemulonii group I, Candida pseudohaemulonii, or Can-
dida auris, all were identified as C. haemulonii by the Vitek-2 YST
yeast card system (bioMérieux, Marcy l’Étoile, France), and they
were genetically closely related compared to other yeasts in the
phylogenetic tree (12). Fungemia was the most common clinical
presentation (8, 10). Some blood isolates of C. haemulonii and C.
pseudohaemulonii from fungemic patients exhibited high-level in
vitro resistance to AMB and were associated with AMB therapeutic
failure (8). These cases demonstrate that the detection of AMB
resistance is essential for the treatment of severe infections caused
by AMB-resistant Candida species.

The limitations of the Clinical and Laboratory Standards Insti-
tute (CLSI) reference methodology for detecting AMB resistance
are well documented, and several alternative methods, including
the Etest, the European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) method, and the Vitek-2 yeast susceptibil-
ity system (bioMérieux), have been proposed and evaluated (1–3,
5, 6, 17). However, the evaluation of AMB susceptibility testing
methods for Candida species is not easy, because only a few clin-
ical isolates of Candida species have been reported to be resistant
to AMB. Although the Etest has been shown to be superior to the
CLSI M27-A broth dilution test for discriminating between AMB-

susceptible and -resistant isolates of Candida species (9, 14, 15),
studies that have compared AMB MICs among CLSI and Etest,
EUCAST, or Vitek-2 have rarely reported major discrepancies,
probably owing to the small number of true AMB-resistant iso-
lates in their collections (1, 5, 6, 17).

In this study, by testing clinical isolates of C. haemulonii and
closely related species, we evaluated the ability of five antifungal
susceptibility testing methods, i.e., the Etest on Mueller-Hinton
agar supplemented with glucose and methylene blue (Etest-MH),
the Etest on RPMI agar supplemented with glucose (Etest-RPG),
the Vitek-2 yeast susceptibility test, and the CLSI and EUCAST
broth microdilution methods, for the detection of AMB resistance
in Candida isolates. Our study provides the first data on the ability
of the Etest-MH to provide the best discrimination between AMB-
resistant and -susceptible isolates of these fungi. In addition, the
Vitek-2 system showed excellent agreement with the Etest-MH,
suggesting that this system is a useful tool for detecting AMB re-
sistance in Candida isolates.
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MATERIALS AND METHODS
Candida isolates. Thirty-eight clinical isolates of C. haemulonii and
closely related species, i.e., C. haemulonii group I (n � 8), C. pseudoh-
aemulonii (n � 10), and C. auris (n � 20), were tested. The isolates were
recovered from 38 patients at seven Korean university hospitals between
1996 and 2010. The C. haemulonii group I isolates were cultured from
blood (n � 6), respiratory specimens (n � 1), and a central venous cath-
eter (n � 1); C. pseudohaemulonii isolates were from blood (n � 9) or
urine (n � 1) cultures; and C. auris isolates were from ear specimens (n �
17) and blood cultures (n � 3). All isolates were identified by sequencing
the internal transcribed spacer (ITS) and D1/D2 regions of the 26S ribo-
somal DNA (8).

Antifungal susceptibility testing procedures. AMB MICs for each
isolate were determined by five antifungal susceptibility testing methods.
The Etest (bioMérieux) was performed on the following two media, as
described previously (16): (i) Mueller-Hinton agar supplemented with
glucose (2%) and methylene blue (0.5 �g/ml) (Etest-MH) and (ii) RPMI
agar supplemented with 2% glucose (Etest-RPG). The Etest AMB MICs
on both media were read after 48 h of incubation at 35°C and were deter-
mined to be at 100% inhibition of growth where the border of the elliptical
inhibition zone intersected the scale of the strip edge. For Vitek-2 yeast
susceptibility tests (AST-YS01 Vitek 2 cards), susceptibility testing, read-
ing, and interpretations of the results were performed in accordance with
the manufacturer’s instructions. AMB MICs were determined by the CLSI
M27-A3 broth microdilution after 48 h of incubation, which was defined
as complete inhibition of growth (4). For testing by the EUCAST method,
the AMB MIC endpoints were determined after 24 h of incubation and
defined as the lowest drug concentration that resulted in a reduction in
growth of �90% compared to that in a drug-free control well (19). Each
isolate was tested twice, and testing was repeated in cases of two MIC
results that were not within two dilutions. The results of repeat runs of
each isolate were accepted as final. Two reference strains, Candida parap-

silosis ATCC 22019 (AMB MICs, 0.25 to 1 �g/ml) and Candida krusei
ATCC 6258 (AMB MICs, 0.25 to 2 �g/ml), were used as quality-control
isolates for each antifungal susceptibility test. In addition, C. pseudoh-
aemulonii CBS 12370 (KCTC 17807), which exhibited AMB MICs of �2
�g/ml by all five methods, was used as a control strain in each test.

Analysis of results. No AMB susceptibility breakpoint has been estab-
lished for these Candida species, but �1 �g/ml has been suggested (11, 13,
16). On this basis, we adopted putative AMB breakpoints for both CLSI
and EUCAST (susceptible, �1 �g/ml; resistant, �2 �g/ml) and the two
Etests (susceptible, �1 �g/ml; resistant, �1.5 �g/ml). In addition, we
used the AMB breakpoints provided by the Vitek-2 system (susceptible,
�1 �g/ml; intermediate, 2 �g/ml; resistant, �4 �g/ml). The Etest MICs
were rounded to the next higher CLSI or EUCAST concentration to sim-
plify comparison, and discrepancies among MIC endpoints of �2 dilu-
tions (two wells) were used to calculate the essential agreement. Categor-
ical agreement was defined as the percentage of isolates classified into the
same category by both methods. Discrepancies were considered to be very
major if an isolate classified as resistant by the reference method was
categorized as susceptible by the other method, major if an isolate classi-
fied as susceptible by the reference method was classified as resistant by the
other method, and minor if an isolate was classified as susceptible or
resistant by one method and intermediate by the other. Statistical analyses
were performed using SPSS for Windows version 18.0. P values of �0.05
were considered significant.

RESULTS AND DISCUSSION

Although rarely isolated in clinical microbiology laboratories, C.
haemulonii and C. pseudohaemulonii have consistently been re-
ported to be resistant to AMB (7, 8, 18, 20). We evaluated the
ability of five antifungal susceptibility testing methods to detect
AMB resistance in vitro in clinical isolates of C. haemulonii and

TABLE 1 Distribution of amphotericin B MICs for 38 clinical isolates of Candida haemulonii and closely related species as determined by five
methods

Species (no. of isolates) Test systema

No. of isolates for which amphotericin B MIC (�g/ml) wasb:

0.125 0.19 0.25 0.38 0.5 0.75 1 1.5 2 4 6 8 12 16 32

C. haemulonii (8) Etest-MH 1 1 1 5
Etest-RPG 1 2 1 1 1 2
Vitek-2 1 2 5
CLSI 6 2
EUCAST 7 1

C. pseudohaemulonii (10) Etest-MH 1 1 8
Etest-RPG 1 1 8
Vitek-2 2 3 5
CLSI 2 1 7
EUCAST 2 6 2

C. auris (20) Etest-MH 1 1 7 5 6
Etest-RPG 5 6 5 2 2
Vitek-2 13 5 2
CLSI 2 13 5
EUCAST 2 15 3

Total (38) Etest-MH 1 1 7 5 6 1 1 2 1 13
Etest-RPG 5 6 7 2 3 2 1 1 1 10
Vitek-2 13 5 2 3 2 8 5
CLSI 2 13 13 3 7
EUCAST 2 15 12 7 2

a Etest-MH, Etest on Mueller-Hinton agar supplemented with glucose and methylene blue; Etest-RPG, Etest on RPMI agar supplemented with glucose; CLSI, CLSI M27-A3 broth
microdilution method; EUCAST, European Committee on Antimicrobial Susceptibility Testing broth microdilution method.
b Each isolate was tested at least twice; the AMB MIC results for the final runs of each isolate are shown. Isolates with MICs of 32 �g/ml by both the Etest-MH and Etest-RGP
methods encompass all isolates for which MICs were 32 �g/ml or more, while isolates with MICs of 16 �g/ml by the Vitek-2 system include all isolates for which MICs were 16 �g/
ml or more.
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C. pseudohaemulonii in comparison with C. auris, which is an
unusual Candida species most closely related to C. haemulonii.
Table 1 shows the distribution of AMB MICs for 38 isolates of
C. haemulonii and closely related species determined by the five
methods. All 20 C. auris isolates showed AMB MICs of �1
�g/ml by all methods. However, of 18 isolates of C. haemulonii
and C. pseudohaemulonii, 18 (100%), 15 (83%), 18 (100%), 10
(56%), and 9 (50%) had AMB MICs of �1 �g/ml by the Etest-
MH, Etest-RPG, Vitek-2, CLSI, and EUCAST, respectively.
These data suggest that C. haemulonii and C. pseudohaemulonii
are innately resistant to AMB and that the Etest-MH and the
Vitek-2 system have the ability to detect AMB resistance in
these fungi.

Previously, we described seven cases of C. pseudohaemulonii
fungemia and one of C. haemulonii fungemia at two hospitals in
Korea (8). Blood isolates from these eight patients showed vari-
able AMB susceptibility patterns (MIC � 0.5 to 32 �g/ml), as
determined by the Etest-RPG. All of these isolates were included
in the present study. Of the eight patients, three suffered AMB
therapeutic failure and ultimately died. Blood isolates from two
patients had AMB MICs of 32 �g/ml. Notably, one patient who
had severe immunodeficiency died despite 4 days of AMB therapy,
but the isolate showed an AMB MIC of 0.5 �g/ml. In the present
study, this isolate was categorized as AMB susceptible (MIC � 0.5
�g/ml) by the Etest-RPG but as AMB resistant (MIC � 12 �g/ml)
by the Etest-MH, illustrating the ability of the Etest-MH to detect
AMB-resistant isolates and thereby to predict therapeutic resis-
tance to AMB treatment. Overall, the AMB MICs of all 18 C.
haemulonii and C. pseudohaemulonii isolates generated by the
Etest-RPG showed susceptibility patterns of 0.5 to 32 �g/ml, sim-

ilar to those in our previous report (8), while those generated by
the Etest-MH ranged from 4 to 32 �g/ml, all of which were cate-
gorized as AMB resistant. These results indicate that Mueller-Hin-
ton agar supplemented with glucose and methylene blue may bet-
ter support the growth of C. haemulonii and C. pseudohaemulonii
than RPMI agar supplemented with glucose and thereby provide
superior detection of AMB-resistant isolates of C. haemulonii and
C. pseudohaemulonii.

The CLSI M27 method is known to yield a narrow range of
AMB MICs and therefore may be unable to discriminate resistant
from susceptible Candida isolates (11). In our study, the CLSI and
EUCAST methods generated similar ranges of AMB MICs (0.25 to
4 �g/ml), which were the narrowest of the five methods (Table 1).
The Etest-MH generated the broadest distribution of AMB MICs,
ranging from 0.125 to 32 �g/ml, followed by the Etest-RPG (0.25
to 32 �g/ml) and Vitek-2 (0.25 to 16 �g/ml). The AMB MICs
determined by the Etest-MH easily distinguished all 18 isolates of
C. haemulonii and C. pseudohaemulonii (4 to 32 �g/ml) from all 20
C. auris isolates (0.125 to 0.5 �g/ml). The AMB MICs determined
by the Vitek-2 also distinguished all 18 isolates of C. haemulonii
and C. pseudohaemuloni (2 to 16 �g/ml) from all 20 C. auris iso-
lates (0.25 to 1 �g/ml). However, the AMB MICs for the C.
haemulonii and C. pseudohaemulonii isolates determined by the
other three methods (Etest-RPG, EUCAST, and CLSI) overlapped
with those of C. auris. These data suggest that the Etest-MH pro-
vides the best discrimination between AMB-resistant and -suscep-
tible isolates, followed by the Vitek-2 system.

When the Etest-MH was used as the reference standard, there
were essential agreements of 55% with both the CLSI and
EUCAST methods, which were significantly lower than those with

TABLE 2 Agreement between amphotericin B results obtained by the Etest-MH and each of the other methods for 38 isolates of Candida
haemulonii and closely related species

Species (no. of isolates) Test system
% Essential
agreementa

No. of isolates with resultb % Categorical
agreement
with
Etest-MH

% of category errors

Susceptible Intermediate Resistant
Very
major Major Minor

C. haemulonii (8) Etest-MH 0 0 8
Etest-RPG 75 1 0 7 88 13
Vitek-2 75 0 1 7 88 0 13
CLSI 0 6 0 2 26 75
EUCAST 0 7 0 1 13 88

C. pseudohaemulonii (10) Etest-MH 0 0 10
Etest-RPG 80 2 0 8 80 20
Vitek-2 90 0 2 8 80 0 20
CLSI 0 2 0 8 80 20
EUCAST 0 2 0 8 80 20

C. auris (20) Etest-MH 20 0 0
Etest-RPG 100 20 0 0 100 0
Vitek-2 100 20 0 0 100 0
CLSI 100 20 0 0 100 0
EUCAST 100 20 0 0 100 0

Total (38) Etest-MH 20 0 18
Etest-RPG 84 23 0 15 92 8
Vitek-2 92 20 3 15 92 0 8
CLSI 55 28 0 10 79 21
EUCAST 55 29 0 9 76 24

a Essential agreement (�2 log2 dilutions) between Etest-MH and each of other four methods.
b Putative AMB breakpoints were used for two Etests (susceptible, �1 �g/ml; resistant, �1.5 �g/ml) and for both the EUCAST and CLSI methods (susceptible, �1 �g/ml; resistant,
�2 �g/ml), but AMB breakpoints provided by the Vitek-2 system (susceptible, �1 �g/ml; intermediate, 2 �g/ml; resistant, �4 �g/ml) were used for the Vitek-2 assay.
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the Etest-RPG (84%) or Vitek-2 (92%) (P � 0.05). The categorical
agreements for the Etest-RPG, Vitek-2, CLSI, and EUCAST meth-
ods were 92, 92, 79, and 76%, respectively (Table 2). The percent-
ages of very major errors were 21% (8/38) between the Etest-MH
and CLSI methods and 24% (9/38) between the Etest-MH and
EUCAST methods. Vitek-2 produced no very major or major er-
rors and only three (8%) minor errors. These three minor errors
occurred as a result of isolates that were categorized as resistant by
the Etest-MH but intermediate (MIC � 2 �g/ml) by Vitek-2.
These findings suggest that the Vitek-2 with an adjusted AMB
MIC breakpoint (resistant, �2 �g/ml) is more sensitive for de-
tecting emerging resistance among these Candida species. Overall,
these findings indicate that both the Etest and Vitek-2 are superior
to the CLSI or EUCAST broth microdilution method for detecting
AMB-resistant Candida isolates. Vitek-2 antifungal susceptibility
testing is a fully automated commercial method that can rapidly
determine AMC MICs. Therefore, our study suggests that Vitek-2
is a useful screening method for detecting AMB resistance in Can-
dida isolates.
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